The performances of modern highly loaded compressors are limited by the corner separations. Plasma actuation is a typical active flow control methodology, which has been proven to be capable of controlling the corner separations in low-speed compressor cascades. The main purpose of this paper is to uncover the flow control law and the mechanism of high-speed compressor cascade corner separation control with plasma actuations. The control effects of the suction surface as well as the endwall plasma actuations in suppressing the high-speed compressor cascade flow separations are investigated with numerical methods. The main flow structures within the high-speed compressor cascade corner separation and the development of the corresponding flow loss are investigated firstly. Next, the performances of plasma actuations in suppressing the high-speed compressor cascade corner separation are studied. At last, the mechanisms behind the control effects of the suction surface and the endwall plasma actuations are discussed. Both the suction surface and the endwall plasma actuations can improve the high-speed compressor cascade static pressure rise coefficient, while reducing the corresponding total pressure loss and blockage coefficients. The suction surface plasma actuation can suppress not only the high-speed compressor cascade corner separation vortex but also the airfoil separation, so, compared to the endwall plasma actuation, the suction surface plasma actuation is more efficient in reducing the total pressure loss of the high-speed compressor cascade. However, through suppressing the development of the passage vortex, the endwall plasma actuation is more efficient in reducing the flow blockage and improving the static pressure rise of the high-speed compressor cascade.
Introduction
Corner separations always occur at the conjunctions between the compressor blade suction surface and the endwall. Modern gas-turbine engines are being designed with highly loaded compressors, and the associated strong adverse pressure gradient will cause the detrimental effects of corner separations to be unacceptable. In practice, it is these separations that greatly limit the compressor blade loading and efficiency by their impact on loss, blockage, and deviation [1] [2] [3] .
Throughout the years, both the traditional passive and active flow control methodologies have been used to control the compressor corner separations. Passive flow control methodologies such as boundary layer fences [4, 5] , non-axisymmetric endwall contouring [6, 7] , and vortex generators [8] [9] [10] etc. can effectively reduce the detrimental effects of corner separations on the design conditions. However, at off-design conditions, extra flow mixing and separations induced by the passive methodologies may increase the flow blockage and loss. On the contrary, active flow control methodologies can be used to control the corner separations at the desired work conditions while being kept turned off at other work conditions to avoid bringing extra blockage and loss to the compressor flow field [11] [12] [13] [14] .
Plasma actuation is a typical active flow control methodology and has been proven to be capable of controlling both the compressor stall and corner separations effectively. Li et al. [15] experimentally studied the control effects of plasma actuation on the corner separations in a low-speed compressor cascade. Their results show that both steady and unsteady plasma actuation on the blade suction surface could control the corner separations effectively, and the unsteady plasma actuation achieved a better control effect. Based on their findings, they concluded that the unsteady plasma actuation could induce more vortex structures, and this was the reason that the unsteady plasma actuation could achieve a better control effect in suppressing the corner separations. Later, Wu and Zhao et al. [16] [17] [18] [19] applied the plasma actuation to control the corner separations in a low-speed highly loaded compressor cascade. They used topological and vortex analysis theories to study the physical mechanisms of both the blade suction surface and the endwall plasma actuations in suppressing corner separation and found that the control effects of plasma actuations in suppressing corner separation are closely related to their ability to change the vortex structures within the corner separation. Giorgi et al. [20, 21] also conducted a series of research on the control of compressor cascade flow separation with plasma actuation. They developed a micro plasma actuator and applied it to control the flow separation in a highly loaded subsonic compressor cascade and found that the plasma actuation could increase the pressure rise ability of the compressor cascade while decreasing the corresponding total pressure loss. Based on their findings, they concluded that increasing the actuation voltage can enhance the control effect of plasma actuation, but, from an energetic point of view, the plasma actuation with lower voltage is more efficient [21] . In 2016, Akcayoz et al. [22] published their studies on the plasma control of the compressor corner separation. They evaluated the effects of plasma actuations placed on the blade suction surface and the endwall respectively by suppressing the corner separation in a low-speed highly loaded compressor cascade with both numerical and experimental methods and found that the plasma actuators mounted upstream of the separation on both the suction surface and the endwall were most effective in suppressing the corner separation, while most of the improvement in total pressure loss stemmed from the suction surface actuator. Based on their research, it was concluded that, for the control of compressor corner separation, the required plasma actuator strength scaled approximately with the square of the Reynolds number.
In summary, researchers have spared a lot of efforts to uncover the flow control law and the mechanism behind the control of compressor corner separations with plasma actuations. These results laid solid foundations for the engineering applications of plasma actuations in controlling compressor corner separations. However, all the studies illustrated above are conducted in low-speed environments, and the performances of plasma actuations in controlling the high-speed compressor corner separations still remain unclear. One critical reason for the limitation of plasma actuator to suppress the corner separation in high-speed compressors should be the limited induced body forces. Recently, plasma actuation has been used by Saddoughi et al. [23] to control the stall of a transonic compressor by focusing on the control of the tip leakage flow. They adopted multiple dielectric barrier discharge (DBD) type plasma actuators, which can induce high magnitude velocity in quiescent air, in the experiments and successfully improved the stall margin of the transonic compressor. Hence, multiple DBD type plasma actuators may also be an effective tool for the control of endwall corner separations in high-speed compressors.
The main purpose of the present work is to uncover the flow control law and the mechanism of high-speed compressor cascade corner separation control with plasma actuations that consist of multiple DBD type plasma actuators. Both the suction surface and the endwall plasma actuations are used to control the corner separations in a high-speed compressor cascade. The main flow structures within the high-speed compressor cascade corner separation and the development of the corresponding flow loss are investigated firstly. Next, the performances of the plasma actuations in suppressing the high-speed compressor cascade corner separation are studied. According to the impact of plasma actuations on the flow structures within the high-speed compressor cascade corner separations, the mechanism behind the control effects of both the suction surface and the endwall plasma actuations are discussed in detail too.
Numerical Methods and Plasma Actuation Layouts
The typical high-speed compressor cascade, NACA65-K48, is studied. This high-speed compressor cascade model is designed by the research group DLR (German Aerospace Center) and has been used broadly to study the flow control of high-speed compressor cascade corner separations (see, for example, [4, 5, [8] [9] [10] ). Its main geometrical and aerodynamic parameters are shown in Table 1 . Previously, Zhang et al. [24] have investigated the suitable RANS (Reynolds-averaged Navier-Stokes) numerical method to simulate the NACA65-K48 high-speed compressor cascade flow accurately and reliably. Based on their findings, the following numerical method is used in this paper to simulate the high-speed compressor cascade flow, and the comparisons between the experimental and numerical results, which can be found in reference [24] , are omitted here.
The high-speed compressor cascade flow is simulated with Ansys CFX, and the calculation grid is established with ICEM. Figure 1 shows the calculation grid model. The topological structure of the calculation grid model is an H-O-H type, and the grid model consists of 2.8 million nodes. Grids near solid surfaces are refined to ensure y + < 2. To better simulate the influence of plasma actuation on the flow field, grids near plasma actuators are clustered. The two-equation k-ω eddy viscosity model is used to solve the Reynolds Stress in the RANS equations. within the high-speed compressor cascade corner separation and the development of the corresponding flow loss are investigated firstly. Next, the performances of the plasma actuations in suppressing the high-speed compressor cascade corner separation are studied. According to the impact of plasma actuations on the flow structures within the high-speed compressor cascade corner separations, the mechanism behind the control effects of both the suction surface and the endwall plasma actuations are discussed in detail too.
The typical high-speed compressor cascade, NACA65-K48, is studied. This high-speed compressor cascade model is designed by the research group DLR (German Aerospace Center) and has been used broadly to study the flow control of high-speed compressor cascade corner separations (see, for example, [4, 5, [8] [9] [10] ). Its main geometrical and aerodynamic parameters are shown in Table  1 . Previously, Zhang et al. [24] have investigated the suitable RANS (Reynolds-averaged NavierStokes) numerical method to simulate the NACA65-K48 high-speed compressor cascade flow accurately and reliably. Based on their findings, the following numerical method is used in this paper to simulate the high-speed compressor cascade flow, and the comparisons between the experimental and numerical results, which can be found in reference [24] , are omitted here.
The high-speed compressor cascade flow is simulated with Ansys CFX, and the calculation grid is established with ICEM. Figure 1 shows the calculation grid model. The topological structure of the calculation grid model is an H-O-H type, and the grid model consists of 2.8 million nodes. Grids near solid surfaces are refined to ensure y + < 2. To better simulate the influence of plasma actuation on the flow field, grids near plasma actuators are clustered. The two-equation k-ω eddy viscosity model is used to solve the Reynolds Stress in the RANS equations. According to the experimental study by Zhang et al. [24] , for the incidences studied in this paper, the corner separation will not develop to the mid-span. Hence, the symmetrical boundary is used at mid-span to reduce the simulation cost. The inlet boundary is 1.5 chord lengths upstream of the blade's leading edge, and the outlet boundary is 2.5 chord lengths downstream of the blade's trailing edge. At the inlet, total pressure distributions along the spanwise direction together with a fixed total temperature from experiments (see for example in [24] ) are imposed. At the outlet, the average static pressure boundary is applied to guarantee that the inlet Mach number is kept constant at 0.7 at different incidence angles. During the simulations, the fluid is treated as compressible and solid walls are treated as adiabatic and non-slipping. Figure 2 shows the sketch of the DBD plasma actuator. Two electrodes are separated by the dielectric barrier, and when an AC voltage of several kilovolts is applied between the upper and lower electrodes, weakly ionized gases (plasma) are generated over the lower electrode in the air. As the plasma moves under the force of the electric field, it collides with the air. Through the momentum exchange within the collision, body force is imposed on the air. This paper uses the phonologic model developed by Suzen et al. [25] to simulate the body force induced by the plasma actuators. The accuracy of this model in simulating the body force of the plasma actuation has been validated by Suzen et al. [25] as well as Giorgi et al. [21] , and, according to the discussion of Cork et al. [26] , this model could qualitatively simulate the distribution of the body force of the plasma actuation. According to the experimental study by Zhang et al. [24] , for the incidences studied in this paper, the corner separation will not develop to the mid-span. Hence, the symmetrical boundary is used at mid-span to reduce the simulation cost. The inlet boundary is 1.5 chord lengths upstream of the blade's leading edge, and the outlet boundary is 2.5 chord lengths downstream of the blade's trailing edge. At the inlet, total pressure distributions along the spanwise direction together with a fixed total temperature from experiments (see for example in [24] ) are imposed. At the outlet, the average static pressure boundary is applied to guarantee that the inlet Mach number is kept constant at 0.7 at different incidence angles. During the simulations, the fluid is treated as compressible and solid walls are treated as adiabatic and non-slipping. Figure 2 shows the sketch of the DBD plasma actuator. Two electrodes are separated by the dielectric barrier, and when an AC voltage of several kilovolts is applied between the upper and lower electrodes, weakly ionized gases (plasma) are generated over the lower electrode in the air. As the plasma moves under the force of the electric field, it collides with the air. Through the momentum exchange within the collision, body force is imposed on the air. This paper uses the phonologic model developed by Suzen et al. [25] to simulate the body force induced by the plasma actuators. The accuracy of this model in simulating the body force of the plasma actuation has been validated by Suzen et al. [25] as well as Giorgi et al. [21] , and, according to the discussion of Cork et al. [26] , this model could qualitatively simulate the distribution of the body force of the plasma actuation. Figure 3 shows the plasma actuation layouts studied in this paper. Both the suction surface and the endwall plasma actuation layouts consist of six plasma actuators. For each plasma actuator, the width of the upper and lower electrodes are 1 mm and 5 mm, respectively. On the blade suction surface, as indicated in Figure 3a , the first actuator SA1 is located 15% chord lengths downstream of the blade's leading edge, and the other five actuators, i.e. SA1-SA6, are placed at the downstream blade surface continuously, with an interval of 15% chord length in the chordwise direction. On the endwall surface, as depicted in Figure 3b , the six actuators, i.e. EA1-EA6, have the same layout as the blade suction surface actuators. In this paper, a high voltage is imposed on the upper electrode, and the voltage of the lower electrode is set to zero. With these boundary conditions, the distribution of the electrostatic potential around the plasma actuator in the air is solved with Laplace's Equation: Figure 3 shows the plasma actuation layouts studied in this paper. Both the suction surface and the endwall plasma actuation layouts consist of six plasma actuators. For each plasma actuator, the width of the upper and lower electrodes are 1 mm and 5 mm, respectively. On the blade suction surface, as indicated in Figure 3a , the first actuator SA1 is located 15% chord lengths downstream of the blade's leading edge, and the other five actuators, i.e. SA1-SA6, are placed at the downstream blade surface continuously, with an interval of 15% chord length in the chordwise direction. On the endwall surface, as depicted in Figure 3b , the six actuators, i.e. EA1-EA6, have the same layout as the blade suction surface actuators. According to the experimental study by Zhang et al. [24] , for the incidences studied in this paper, the corner separation will not develop to the mid-span. Hence, the symmetrical boundary is used at mid-span to reduce the simulation cost. The inlet boundary is 1.5 chord lengths upstream of the blade's leading edge, and the outlet boundary is 2.5 chord lengths downstream of the blade's trailing edge. At the inlet, total pressure distributions along the spanwise direction together with a fixed total temperature from experiments (see for example in [24] ) are imposed. At the outlet, the average static pressure boundary is applied to guarantee that the inlet Mach number is kept constant at 0.7 at different incidence angles. During the simulations, the fluid is treated as compressible and solid walls are treated as adiabatic and non-slipping. Figure 2 shows the sketch of the DBD plasma actuator. Two electrodes are separated by the dielectric barrier, and when an AC voltage of several kilovolts is applied between the upper and lower electrodes, weakly ionized gases (plasma) are generated over the lower electrode in the air. As the plasma moves under the force of the electric field, it collides with the air. Through the momentum exchange within the collision, body force is imposed on the air. This paper uses the phonologic model developed by Suzen et al. [25] to simulate the body force induced by the plasma actuators. The accuracy of this model in simulating the body force of the plasma actuation has been validated by Suzen et al. [25] as well as Giorgi et al. [21] , and, according to the discussion of Cork et al. [26] , this model could qualitatively simulate the distribution of the body force of the plasma actuation. Figure 3 shows the plasma actuation layouts studied in this paper. Both the suction surface and the endwall plasma actuation layouts consist of six plasma actuators. For each plasma actuator, the width of the upper and lower electrodes are 1 mm and 5 mm, respectively. On the blade suction surface, as indicated in Figure 3a , the first actuator SA1 is located 15% chord lengths downstream of the blade's leading edge, and the other five actuators, i.e. SA1-SA6, are placed at the downstream blade surface continuously, with an interval of 15% chord length in the chordwise direction. On the endwall surface, as depicted in Figure 3b , the six actuators, i.e. EA1-EA6, have the same layout as the blade suction surface actuators. In this paper, a high voltage is imposed on the upper electrode, and the voltage of the lower electrode is set to zero. With these boundary conditions, the distribution of the electrostatic potential around the plasma actuator in the air is solved with Laplace's Equation: In this paper, a high voltage is imposed on the upper electrode, and the voltage of the lower electrode is set to zero. With these boundary conditions, the distribution of the electrostatic potential around the plasma actuator in the air is solved with Laplace's Equation:
On the other hand, the spatial charge density is estimated on the basis of Poisson's equation:
where ε r is the relative permittivity of the air and λ d is the Debye length. The detailed introduction of the boundary condition to solve Laplace's and Poisson's equations as well as the values of the parameters can be found in reference [25] . With the results of Equations (1) and (2), the body force generated by the plasma actuator can be obtained:
During the simulations, Equations (1) and (2) are solved firstly in quiescent air with user defined functions in Ansys CFX. Then the body force of the plasma actuator is calculated with Equation (3) and is applied as a boundary condition where plasma actuator of Figure 3 is located to control the high-speed compressor cascade flow separations. Figure 4 shows the distribution of the induced velocity by the six plasma actuators in quiescent air with different body forces of plasma actuators. In this paper, the body forces of plasma actuators are changed through altering the high voltage imposed on the upper electrode. It can be found that, when the body force produced by a single plasma actuator reaches 837 mN/m, the maximum induced velocity of the six plasma actuators in quiescent air reaches around 30 m/s, and this is consistent with the multiple plasma actuators used by Saddoughi et al. [23] . This indicates that the overall plasma actuation strength can be realized with carefully designed multiple plasma actuators. On the other hand, the spatial charge density is estimated on the basis of Poisson's equation:
where εr is the relative permittivity of the air and λd is the Debye length. The detailed introduction of the boundary condition to solve Laplace's and Poisson's equations as well as the values of the parameters can be found in reference [25] . With the results of Equations (1) and (2), the body force generated by the plasma actuator can be obtained:
During the simulations, Equations (1) and (2) are solved firstly in quiescent air with user defined functions in Ansys CFX. Then the body force of the plasma actuator is calculated with Equation (3) and is applied as a boundary condition where plasma actuator of Figure 3 is located to control the high-speed compressor cascade flow separations. In this paper, the body forces of plasma actuators are changed through altering the high voltage imposed on the upper electrode. It can be found that, when the body force produced by a single plasma actuator reaches 837 mN/m, the maximum induced velocity of the six plasma actuators in quiescent air reaches around 30 m/s, and this is consistent with the multiple plasma actuators used by Saddoughi et al. [23] . This indicates that the overall plasma actuation strength can be realized with carefully designed multiple plasma actuators. 
Results
To evaluate the control effects of plasma actuation in suppressing high-speed compressor cascade corner separations, the total pressure loss coefficient ω, static pressure rise coefficient, Cp, and the blockage coefficient, δ, are defined.
The total pressure loss coefficient ω is used to evaluate the flow loss and is defined as: 
The total pressure loss coefficient ω is used to evaluate the flow loss and is defined as:
where, p 1 and p 1s are the total pressure and static pressure of the incoming flow, respectively, and p 2 is the local total pressure. The static pressure coefficient, Cp, is used to evaluate the pressure rise ability of the compressor cascade and is defined as:
where p 2s is the local static pressure. The blockage coefficient, δ, is used to evaluate the flow blockage of the compressor cascade and is defined as:
where v mx is the axial velocity of the main flow stream.
To evaluate the overall flow loss in the cascade flow passage, the outlet plane mass averaged total pressure loss coefficient, ω s , is defined as:
where s is the area of the chosen plane and v x is the axial velocity. Similarly, the outlet plane area averaged static pressure rise, Cps, and the blockage coefficient, δ s , are defined as:
To evaluate the flow blockage at different blade heights, the pitch averaged flow blockage coefficient, δ t , is defined as:
where t is the blade pitch. In this paper, ω s and Cps as well as δ s and δ t are all calculated at the plane 20% chord length downstream of the blade's trailing edge.
Flow Structures within the High-Speed Compressor Cascade Corner Separations and Development of the Corresponding Flow Loss
In this part, ten planes, p0-p9, which are vertical to the blade suction surface, are used to analyze the flow structures and the total pressure loss within the high-speed compressor cascade passage.
With the distributions of streamwise vorticity on planes p1-p9, Figure 5 shows the main flow structures within the high-speed compressor cascade corner separation and the development of the corresponding flow loss at the incidence angle of 0 • . It can be found that the high-speed compressor cascade corner separation mainly consists of the passage vortex (PV), wall vortex (WV), free vortex (FV), corner vortex (CV), and trailing edge shedding vortex (TSV), and the development of the high-speed compressor cascade flow loss is closely related to the corner separation. As the endwall boundary layer moves to the suction surface, the PV arrives at the suction surface/endwall corner at plane p4. Then, the PV further extends to the midspan along the spanwise direction and increases in size, while moving downstream. In this procedure, the suction surface boundary layer is extruded by the PV, and the WV is formed resultantly. While moving downstream, the WV directly interacts with the main flow and determines the boundary of the high-speed compressor cascade corner separation. Meanwhile, it is pushed further and further away from the endwall by the PV and increases in size too. Under the influence of the WV, the FV is aroused from the main flow boundary layer, but it dissipates very quickly, while moving downstream. At plane p9, the FV is almost unobservable, while the PV and WV are still dominant flow structures within the high-speed compressor cascade corner separation. The CV exists around the suction surface/endwall corner, but its development is constrained by the PV, thus imposing limited influences on the high-speed compressor cascade flow. At the outlet of the high-speed compressor cascade passage, the flow from the pressure side encounters the corner separation and the TSV is aroused.
In summary, when the PV arrives at the suction surface/endwall corner, the high-speed compressor cascade corner separation occurs, and the flow structures of the high-speed compressor cascade corner separation are mainly determined by the development of the PV. Thus suppression of the PV seems key for the control of the high-speed compressor cascade corner separation. On the other hand, the boundary of the high-speed compressor cascade corner separation is mainly determined by the development of the WV, which indicates that the WV plays a crucial role in the interaction between the main flow and the corner separation. Thus suppression of the WV seems another key feature for the control of the high-speed compressor cascade corner separation.
According to Figure 5 , a high flow loss region can be observed within the high-speed compressor cascade suction surface/endwall corner when the corner separation occurs. While moving downstream, the high flow floss region increases in size and strength with the development of the high-speed compressor cascade corner separation.
With the distributions of streamwise vorticity on planes p1-p9, Figure 6 shows the main flow structures within the high-speed compressor cascade corner separation and the development of the corresponding flow loss at the incidence angle of −4°. With Figure 5 and 6, it can be found, compared to the case with the incidence angle of 0°, that the location at which the corner separation occurs is located further away from the blade's leading edge and that the size of the high-speed compressor cascade corner separation is smaller with the incidence angle of −4°. Since the size of the high-speed compressor cascade corner separation is smaller with the incidence angle of −4°, the corresponding high flow loss region is more constrained to the corner region too. However, the developments of the PV, WV, FV, CV, and TSV, as well as the high flow loss region within the high-speed compressor cascade corner separation in Figure 6 , still obey similar rules to those in Figure 5 . According to Figure As the endwall boundary layer moves to the suction surface, the PV arrives at the suction surface/endwall corner at plane p4. Then, the PV further extends to the midspan along the spanwise direction and increases in size, while moving downstream. In this procedure, the suction surface boundary layer is extruded by the PV, and the WV is formed resultantly. While moving downstream, the WV directly interacts with the main flow and determines the boundary of the high-speed compressor cascade corner separation. Meanwhile, it is pushed further and further away from the endwall by the PV and increases in size too. Under the influence of the WV, the FV is aroused from the main flow boundary layer, but it dissipates very quickly, while moving downstream. At plane p9, the FV is almost unobservable, while the PV and WV are still dominant flow structures within the high-speed compressor cascade corner separation. The CV exists around the suction surface/endwall corner, but its development is constrained by the PV, thus imposing limited influences on the high-speed compressor cascade flow. At the outlet of the high-speed compressor cascade passage, the flow from the pressure side encounters the corner separation and the TSV is aroused.
With the distributions of streamwise vorticity on planes p1-p9, Figure 6 shows the main flow structures within the high-speed compressor cascade corner separation and the development of the corresponding flow loss at the incidence angle of −4 • . With Figures 5 and 6 , it can be found, compared to the case with the incidence angle of 0 • , that the location at which the corner separation occurs is located further away from the blade's leading edge and that the size of the high-speed compressor cascade corner separation is smaller with the incidence angle of −4 • . Since the size of the high-speed compressor cascade corner separation is smaller with the incidence angle of −4 • , the corresponding high flow loss region is more constrained to the corner region too. However, the developments of the PV, WV, FV, CV, and TSV, as well as the high flow loss region within the high-speed compressor cascade corner separation in Figure 6 , still obey similar rules to those in Figure 5 . According to Figure 5 , a high flow loss region can be observed near the blade pressure surface with the incidence angle of −4 • , and this is caused by the pressure side flow separations at negative incidence angles. 5, a high flow loss region can be observed near the blade pressure surface with the incidence angle of −4°, and this is caused by the pressure side flow separations at negative incidence angles.
(a) (b) With the distributions of streamwise vorticity on planes p1-p9, Figure 7 shows the main flow structures within the high-speed compressor cascade corner separation and the development of the corresponding flow loss at the incidence angle of 8°. With Figure 5 and Figure 7 , it can be found that, with the increase of the incidence angle, the occurrence of the high-speed compressor cascade corner separation becomes closer to the leading edge, and the size of the corner separation increases dramatically too. As a result, the high-speed compressor cascade flow loss is increased simultaneously. However, the developments of the PV, WV, FV, CV, and TSV, as well as the high flow loss region within the high-speed compressor cascade corner separation in Figure 7 , still obey similar rules to those in Figure 5 
Performances of Plasma Actuations in Suppressing the High-Speed Compressor Cascade Flow Separation

Influences of Plasma Actuations on the High-Speed Compressor Cascade Flow Loss at
Different Streamwise Planes Figure 8 shows the influences of plasma actuations on the high-speed compressor cascade flow loss at different streamwise planes. The Δω is obtained through the subtraction of the total pressure With the distributions of streamwise vorticity on planes p1-p9, Figure 7 shows the main flow structures within the high-speed compressor cascade corner separation and the development of the corresponding flow loss at the incidence angle of 8 • . With Figures 5 and 7 , it can be found that, with the increase of the incidence angle, the occurrence of the high-speed compressor cascade corner separation becomes closer to the leading edge, and the size of the corner separation increases dramatically too. As a result, the high-speed compressor cascade flow loss is increased simultaneously. However, the developments of the PV, WV, FV, CV, and TSV, as well as the high flow loss region within the high-speed compressor cascade corner separation in Figure 7 , still obey similar rules to those in Figures 5 and 6 . With the distributions of streamwise vorticity on planes p1-p9, Figure 7 shows the main flow structures within the high-speed compressor cascade corner separation and the development of the corresponding flow loss at the incidence angle of 8°. With Figure 5 and Figure 7 , it can be found that, with the increase of the incidence angle, the occurrence of the high-speed compressor cascade corner separation becomes closer to the leading edge, and the size of the corner separation increases dramatically too. As a result, the high-speed compressor cascade flow loss is increased simultaneously. However, the developments of the PV, WV, FV, CV, and TSV, as well as the high flow loss region within the high-speed compressor cascade corner separation in Figure 7 , still obey similar rules to those in Figure 5 
Performances of Plasma Actuations in Suppressing the High-Speed Compressor Cascade Flow Separation
Influences of Plasma Actuations on the High-Speed Compressor Cascade Flow Loss at
Different Streamwise Planes Figure 8 shows the influences of plasma actuations on the high-speed compressor cascade flow loss at different streamwise planes. The Δω is obtained through the subtraction of the total pressure Based on Figure 5-Figure 8 , it can be found that the influences of the suction surface and the endwall plasma actuations on the high-speed compressor cascade flow loss are closely related to the developments of the corner separations. When the high-speed compressor cascade corner separation occurs, the corresponding flow loss is obviously reduced by both the suction surface and the endwall plasma actuations. However, the locations and shapes of the regions where the suction surface and endwall plasma actuations reduce the flow loss are quite different. This phenomenon will be discussed later in this paper.
According to Figure 8 , the area of the regions where the high-speed compressor cascade flow loss is reduced by both the suction surface and the endwall plasma actuations keeps almost constant with the increase of incidence angles, and this is because the scope of the influences of plasma actuations is limited to the regions near solid walls. Since the strength and size of the high-speed compressor cascade corner separation increases dramatically with the increase of incidence angles, it can be concluded that the plasma actuation will impose a relatively smaller influence on the high- Based on Figures 5-8 , it can be found that the influences of the suction surface and the endwall plasma actuations on the high-speed compressor cascade flow loss are closely related to the developments of the corner separations. When the high-speed compressor cascade corner separation occurs, the corresponding flow loss is obviously reduced by both the suction surface and the endwall plasma actuations. However, the locations and shapes of the regions where the suction surface and endwall plasma actuations reduce the flow loss are quite different. This phenomenon will be discussed later in this paper.
According to Figure 8 , the area of the regions where the high-speed compressor cascade flow loss is reduced by both the suction surface and the endwall plasma actuations keeps almost constant with the increase of incidence angles, and this is because the scope of the influences of plasma actuations is limited to the regions near solid walls. Since the strength and size of the high-speed compressor cascade corner separation increases dramatically with the increase of incidence angles, it can be concluded that the plasma actuation will impose a relatively smaller influence on the high-speed compressor cascade corner separations of large positive incidence angles than on that of smaller and negative incidence angles.
As the high-speed compressor cascade corner separation is suppressed by the plasma actuations, the overall blockage of the cascade flow is reduced. As a result, the flow loss outside the high-speed compressor cascade corner separation region will be increased by the plasma actuations. Especially at negative incidence angles, as shown in Figure 8a , the original pressure side separations are obviously enhanced by both the suction surface and endwall plasma actuations. On the other hand, the endwall plasma actuation increases the flow loss near mid-span regions too, and this indicates that the endwall plasma actuation is incapable of suppressing the airfoil separations, which will be discussed later in this paper. Figure 9 shows the influences of plasma actuations on the high-speed compressor cascade total pressure loss, static pressure rise, and blockage coefficients at different incidence angles. The positive value of the relative variation rate of Cps represents the relative increase of the plane area averaged static pressure rise coefficient, while the positive values of the relative variation rate of ω s and δs represent the relative decrease of the plane mass averaged total pressure loss coefficient and the plane area averaged blockage coefficient, respectively. The corresponding body force of each single plasma actuator shown in Figure 9 is confined to 837 mN/m. speed compressor cascade corner separations of large positive incidence angles than on that of smaller and negative incidence angles.
Influences of Plasma Actuations on the High-Speed Compressor Cascade Outlet Flow Loss, Static Pressure Rise and Blockage
As the high-speed compressor cascade corner separation is suppressed by the plasma actuations, the overall blockage of the cascade flow is reduced. As a result, the flow loss outside the high-speed compressor cascade corner separation region will be increased by the plasma actuations. Especially at negative incidence angles, as shown in Figure 8a , the original pressure side separations are obviously enhanced by both the suction surface and endwall plasma actuations. On the other hand, the endwall plasma actuation increases the flow loss near mid-span regions too, and this indicates that the endwall plasma actuation is incapable of suppressing the airfoil separations, which will be discussed later in this paper. Figure 9 shows the influences of plasma actuations on the high-speed compressor cascade total pressure loss, static pressure rise, and blockage coefficients at different incidence angles. The positive value of the relative variation rate of Cps represents the relative increase of the plane area averaged static pressure rise coefficient, while the positive values of the relative variation rate of ωs and δs represent the relative decrease of the plane mass averaged total pressure loss coefficient and the plane area averaged blockage coefficient, respectively. The corresponding body force of each single plasma actuator shown in Figure 9 is confined to 837 mN/m. According to Figure 9a , the influences of the suction surface plasma actuation on the high-speed compressor cascade static pressure rise coefficient vary slightly with the change of incidence angles. It can be found the static pressure rise coefficient of the high-speed compressor cascade achieves a According to Figure 9a , the influences of the suction surface plasma actuation on the high-speed compressor cascade static pressure rise coefficient vary slightly with the change of incidence angles.
Influences of Plasma Actuations on the
It can be found the static pressure rise coefficient of the high-speed compressor cascade achieves a relative increase of 3% with the suction surface plasma actuation. However, the incidence angle imposes a remarkable influence on the control effects of the suction surface plasma actuation in reducing the high-speed compressor cascade total pressure loss and blockage coefficients. At an incidence angle of 1 • , the total pressure loss coefficient of the high-speed compressor cascade achieves a maximum relative reduction of 10.1% with the suction surface plasma actuation. With the increase of incidence angles, strength of the high-speed compressor cascade corner separation is enhanced, and the ability of the suction surface plasma actuation to reduce the corresponding total pressure loss thus decreases. The scope of the influence of plasma actuation is limited to the regions near solid walls, and this leads to the inefficiency of the suction surface plasma actuation in reducing the total pressure loss of large-scale high-speed compressor cascade corner separations at large positive incidence angles. With the decrease of incidence angles, the strength of the high-speed compressor cascade corner separation is weakened, and the pressure side separation contributes more and more to the overall total pressure loss of the high-speed compressor cascade flow. As a result, the ability of the suction surface plasma actuation to reduce the total pressure loss at negative incidence angles decreases too. At an incidence angle of 0 • , the blockage coefficient of the high-speed compressor cascade achieves a maximum relative reduction of 2.3% with the suction surface plasma actuation. With the change of incidence angles, the variance of the influences of the suction surface plasma actuation on the high-speed compressor cascade blockage coefficient obeys a similar rule to its influences on the high-speed compressor cascade total pressure loss coefficient discussed above.
According to Figure 9b , compared to the work conditions of large positive incidence angles, the endwall plasma actuation imposes stronger influences on the high-speed compressor cascade static pressure rise coefficients at negative and small positive incidence angles. At an incidence angle of 1 • , the static pressure rise coefficient of the high-speed compressor cascade achieves a maximum relative increase of 4.2% with the endwall plasma actuation. At an incidence angle of 7 • , the total pressure loss coefficient achieves a maximum relative reduction of 5.7% with the endwall plasma actuation. Then, similar to the case of the suction surface plasma actuation, with the increase and decrease of incidence angles, the reduction of the high-speed compressor cascade total pressure loss coefficient and the endwall plasma actuation both decrease. However, the endwall plasma actuation imposes stronger influences on the high-speed compressor cascade total pressure loss coefficient at large positive incidence angles than at small positive and negative incidence angles. In practice, at large positive incidence angles, the corner separation contributes the most to the total pressure loss of the high-speed compressor cascade, while, at small positive and negative incidence angles, the airfoil loss of pressure and suction side separations will play a more important role in producing the total pressure loss of the high-speed compressor cascade. Compared to the suction surface plasma actuation, the endwall plasma actuation is much more efficient in reducing the total pressure loss of corner separations and less efficient in reducing the total pressure loss of airfoil separations. At an incidence angle of 0 • , the blockage coefficient of the high-speed compressor cascade achieves a maximum relative reduction of 9.4%. Then, similar to the case of the suction surface plasma actuation, with the increase and decrease of incidence angles, the reduction of the high-speed compressor cascade blockage coefficient and the endwall plasma actuation both decrease.
From Figure 9a ,b, it can be found that the suction surface plasma actuation is more efficient in reducing the total pressure loss coefficient of the high-speed compressor cascade, while the endwall plasma actuation is more efficient in reducing the blockage coefficient and increasing the static pressure rise coefficient of the high-speed compressor cascade. These phenomena are associated with the mechanisms behind the control effects of plasma actuation in suppressing the high-speed compressor cascade flow separation, which will be discussed later. Figure 10 shows the influences of plasma actuations on the high-speed compressor cascade total pressure loss and blockage coefficients, with plasma actuators inducing different body forces. The inlet flow incidence angle of the high-speed compressor cascade is confined to 0 • in Figure 10 . According to Figure 10a , with the increase of the body forces of plasma actuators, the relative reduction rate of the high-speed compressor cascade total pressure loss coefficient with the suction surface plasma actuation increases linearly, while the corresponding relative reduction rate of the high-speed compressor cascade blockage coefficient increases more and more slowly. According to Figure 10b , with the increase of the body forces of plasma actuators, the relative reduction rate of the high-speed compressor cascade total pressure loss and blockage coefficients with the endwall plasma actuation both increase linearly.
Influences of Body Force on the Control Effects of Plasma Actuation in Suppressing High-Speed Compressor Cascade Corner Separation
Based on Figure 10a , it can be found that the control effects of plasma actuation in suppressing high-speed compressor cascade corner separation are not always linearly correlated with the body forces of plasma actuators. Two factors are responsible for this phenomenon. First, the scope of the influence of the suction surface plasma actuation is limited to the region near solid walls and cannot be directly enlarged with the increase of the body forces of plasma actuators. On the other hand, the corner separation is highly three-dimensional and always extends far away from the solid walls. As a result, when the body forces of the plasma actuators are increased, the ability of the suction surface plasma actuation to reduce the high-speed compressor cascade corner separation blockage is limited. Figure 11 shows the influences of plasma actuations on the total pressure at plane p6 and on the corresponding main flow structures. In Figure 11b ,c, the variance of total pressure is obtained through the subtraction of the total pressure of baseline condition and from the plasma actuations, and the positive value in the figure indicates that plasma actuation improves the flow total pressure.
Mechanisms Behind the Control Effects of Plasma Actuations in Suppressing High-Speed Compressor Cascade Corner Separation
According to Figure 11b ,c, both the suction surface and the endwall plasma actuations can improve the total pressure of the high-speed compressor cascade flow, but the regions where the flow total pressure is improved are obviously different for these two plasma actuation layouts. From Figure 11a ,b, it can be found that the suction surface plasma actuation improves the total pressure of the high-speed compressor cascade flow mainly through suppressing the airfoil separation and the WV, as well as its interaction with the FV. However, from Figure 11a ,c, it can be found that the endwall plasma actuation improves the total pressure of the high-speed compressor cascade flow mainly through suppressing the PV, as well as its interaction with the WV. Since the mechanisms behind the control effects of the suction surface and the endwall plasma actuation in suppressing the high-speed compressor cascade corner separation are different, their behaviors in Figure 9 ,10 are According to Figure 10a , with the increase of the body forces of plasma actuators, the relative reduction rate of the high-speed compressor cascade total pressure loss coefficient with the suction surface plasma actuation increases linearly, while the corresponding relative reduction rate of the high-speed compressor cascade blockage coefficient increases more and more slowly. According to Figure 10b , with the increase of the body forces of plasma actuators, the relative reduction rate of the high-speed compressor cascade total pressure loss and blockage coefficients with the endwall plasma actuation both increase linearly.
Based on Figure 10a , it can be found that the control effects of plasma actuation in suppressing high-speed compressor cascade corner separation are not always linearly correlated with the body forces of plasma actuators. Two factors are responsible for this phenomenon. First, the scope of the influence of the suction surface plasma actuation is limited to the region near solid walls and cannot be directly enlarged with the increase of the body forces of plasma actuators. On the other hand, the corner separation is highly three-dimensional and always extends far away from the solid walls. As a result, when the body forces of the plasma actuators are increased, the ability of the suction surface plasma actuation to reduce the high-speed compressor cascade corner separation blockage is limited.
Mechanisms behind the Control Effects of Plasma Actuations in Suppressing High-Speed Compressor
Cascade Corner Separation Figure 11 shows the influences of plasma actuations on the total pressure at plane p6 and on the corresponding main flow structures. In Figure 11b ,c, the variance of total pressure is obtained through the subtraction of the total pressure of baseline condition and from the plasma actuations, and the positive value in the figure indicates that plasma actuation improves the flow total pressure.
According to Figure 11b ,c, both the suction surface and the endwall plasma actuations can improve the total pressure of the high-speed compressor cascade flow, but the regions where the flow total pressure is improved are obviously different for these two plasma actuation layouts. From Figure 11a ,b, it can be found that the suction surface plasma actuation improves the total pressure of the high-speed compressor cascade flow mainly through suppressing the airfoil separation and the WV, as well as its interaction with the FV. However, from Figure 11a ,c, it can be found that the endwall plasma actuation improves the total pressure of the high-speed compressor cascade flow mainly through suppressing the PV, as well as its interaction with the WV. Since the mechanisms behind the control effects of the suction surface and the endwall plasma actuation in suppressing the high-speed compressor cascade corner separation are different, their behaviors in Figures 9 and 10 Figure 12 shows the influences of plasma actuations on the pitch-averaged blockage coefficients of the high-speed compressor cascade. According to Figure 12a , strong flow blockage can be observed within the core region of the high-speed compressor cascade corner separation, and the flow blockage at the boundary of the corner separation is slightly reduced by the suction surface plasma actuation, which is associated with the suppression of the WV. On the contrary, as shown in Figure 12b , flow blockage within the core region of the high-speed compressor cascade corner separation is obviously reduced by the endwall plasma actuation, which is associated with the suppression of the PV. 
Discussion and conclusions
Both the suction surface and the endwall plasma actuations can improve the high-speed compressor cascade static pressure rise coefficient, while reducing the corresponding total pressure loss and blockage coefficients. The ability of the plasma actuations to improve the high-speed compressor cascade static pressure rise coefficient is slightly influenced by the incidence angles. However, the abilities of the plasma actuations to reduce the high-speed compressor cascade total Figure 12 shows the influences of plasma actuations on the pitch-averaged blockage coefficients of the high-speed compressor cascade. According to Figure 12a , strong flow blockage can be observed within the core region of the high-speed compressor cascade corner separation, and the flow blockage at the boundary of the corner separation is slightly reduced by the suction surface plasma actuation, which is associated with the suppression of the WV. On the contrary, as shown in Figure 12b , flow blockage within the core region of the high-speed compressor cascade corner separation is obviously reduced by the endwall plasma actuation, which is associated with the suppression of the PV. Figure 12 shows the influences of plasma actuations on the pitch-averaged blockage coefficients of the high-speed compressor cascade. According to Figure 12a , strong flow blockage can be observed within the core region of the high-speed compressor cascade corner separation, and the flow blockage at the boundary of the corner separation is slightly reduced by the suction surface plasma actuation, which is associated with the suppression of the WV. On the contrary, as shown in Figure 12b , flow blockage within the core region of the high-speed compressor cascade corner separation is obviously reduced by the endwall plasma actuation, which is associated with the suppression of the PV. 
Both the suction surface and the endwall plasma actuations can improve the high-speed compressor cascade static pressure rise coefficient, while reducing the corresponding total pressure loss and blockage coefficients. The ability of the plasma actuations to improve the high-speed compressor cascade static pressure rise coefficient is slightly influenced by the incidence angles. 
Discussion and Conclusions
Both the suction surface and the endwall plasma actuations can improve the high-speed compressor cascade static pressure rise coefficient, while reducing the corresponding total pressure loss and blockage coefficients. The ability of the plasma actuations to improve the high-speed compressor cascade static pressure rise coefficient is slightly influenced by the incidence angles. However, the abilities of the plasma actuations to reduce the high-speed compressor cascade total pressure loss and blockage coefficients are closely related to the incidence angles. At negative incidence angles, the pressure side separation plays a very important role in the generation of the high-speed compressor cascade total pressure loss and blockage coefficients. As a result, the suction surface and the endwall plasma actuations are quite inefficient in reducing the high-speed compressor cascade total pressure loss as well as blockage coefficients. In future studies, the pressure side plasma actuation may be used to control the high-speed compressor cascade flow separation at negative incidence angles. At large positive incidence angles, both the suction surface and the endwall plasma actuations are very inefficient in suppressing the high-speed compressor cascade corner separations at large scales too. The fact that the scope of the influence of plasma actuations is limited to the regions near solid surfaces is responsible for this phenomenon. For the same reason, with the increase of the body forces of plasma actuators, the relative reduction rate of the high-speed compressor cascade blockage coefficient increases more and more slowly with the suction surface plasma actuation. Thus, in future studies, a brand new three-dimensional plasma actuator, which can influence flow fields far away from solid walls, may be used to control the high-speed compressor cascade corner separations at large scales.
The suction surface plasma actuation can suppress not only the high-speed compressor cascade corner separation vortex (WV) but also the airfoil separation, so it is more efficient in reducing the total pressure loss of the high-speed compressor cascade. This finding is in accordance with the results of Akcayoz et al. [22] , which point out that, compared with the endwall plasma actuation, the plasma actuation on the blade suction surface contributes the most to the improvement in the total pressure loss of the compressor cascade. However, this paper finds that, through suppressing the development of the PV, the endwall plasma actuation is more efficient in reducing the flow blockage and improving the static pressure rise of the high-speed compressor cascade. As a matter of fact, the PV is the main flow structure that determines the characteristics of the high-speed compressor cascade corner separations. Since the formation and development of the PV are determined by the movement of endwall boundary layer, the suction surface plasma actuation is incapable of influencing the PV effectively. Thus it can be concluded that the endwall plasma actuation is more efficient in suppressing the high-speed compressor cascade corner separation than the suction surface plasma actuation. In future studies, based on the mechanisms by which they control the high-speed compressor cascade flow, both the suction surface and the endwall plasma actuation layouts should be optimized to obtain better control effects, while minimizing the power consumption.
